cold rolled steel have been investigated in detail because of their potential to provide better corrosion protection than pure zinc coatings 1 . However, for the introduction into the automotive industry it is also necessary to learn more about their tribological behavior. In this paper the tribological potential of ZnAlMg hot dip galvanized steel sheets (HDG/ZM) was studied in terms of sliding properties, adhesive and abrasive tool wear and compared to hot dip galvanized reference material (HDG/Z). Different tribological tests were performed. The friction coefficient was determined directly by strip draw tests at constant contact pressure. The deep drawing property was tested by forming model cups. Two different oils, a pure corrosion protection oil and a prelube were tested in each of the tribological tests. Abrasive tool wear was studied according to the SEP1160 standard. Adhesive tool wear (galling) was characterized on different tool material and compared to the results for hot dip galvanized reference material. HDG/ZM strips showed improved friction behavior in the strip draw test when compared to classical hot dip galvanized reference material. The abrasive tool wear is comparable to HDG/Z material, however, the galling was found to be less than for pure zinc, and the morphology of the coating material transferred to the tool during deep drawing is also different. This makes HDG//ZM an interesting system not only with respect to corrosion but also in terms of tribology, thus providing clear advantages in formability.
Introduction
Zinc magnesium coatings on cold rolled steel have become more and more important in recent years 2, 3 , especially in the construction industry. This is mainly due to improved corrosion performance when compared to classical hot dip galvanized steel 4, 5 , which permits a reduction in coating thickness in some applications. The automotive industry has also become more interested in the new material, not only because of advantages in corrosion performance, but also because of material test results that indicate the advantages of tribology and tool wear.
Hot dip galvanized zinc magnesium coatings (HDG/ZM) do not consist of a single phase throughout the coating thickness but show a complex composition 6 of different phases (see Fig.1 ). Also the hardness of the coating is affected by adding magnesium. While hardness of a classical zinc coating is about 70-90 HV0.02, the hardness of HDG/ ZM (2 %Al and 2 %Mg) is in a range of 130 to 160 HV0.02. All these differences to classical hot dip galvanized zinc coatings (HDG/Z) have an influence on the processing properties of the new material, among them tribology and tool wear. Tribological and tool wear tests have to be conducted prior to introducing the new material to the automotive industry. Some of these studies, at least with respect to model parts, are presented and discussed in this paper.
Materials and Methods
Each of the tests presented in this work were conducted using mild cold rolled steel coated with classical zinc or with zinc magnesium alloy produced in an industrial hot dip galvanizing line. An amount of 2 % Mg and 2 % Al is added in the liquid zinc melt for the production of the zinc magnesium alloy. The surface roughness of both HDG/Z and HDG/ ZM is about Ra=1.0-1.2 µm and Rz=5.5-6.4 µm. In the case of HDG/ZM, two different coating weights were tested, 100 g/m² (HDG/ZM100 or ZM100) and 200 g/m² (HDG/ZM200 or ZM200). The reference material had a zinc coating weight of 100 g/m² (HDG/Z100 or Z100). The steel characteristics were tested parallel to the rolling direction and were measured as follows: Rp02=157-160MPa, Rm=290-300 MPa. For tribological tests and tool wear, the steel sheets were cleaned with acetone and oiled freshly with 1.5 g/m² Multidraw PL61 (PL) or Anticorit RP 4107 S (CPO). Multidraw PL61 was taken as a representative for prelubes, whereas Anticorit RP 4107 S was used as a representative for pure corrosion protection oils.
Strip Draw Test
For the strip draw test a specially designed testing unit is installed on a tensile testing machine. The clamping force is applied by means of a hydraulic system, and the tensile testing machine draws the strip trough a clamping tool while measuring the drawing force. The geometry of the clamping tool is variable. In the presented tests, two different clamping tools were used, the flat tool geometry for determination of friction coefficient (Fig. 2a) and the wear tool 7 , which consists of a flat tool and a cylindrical tool of 20 mm in diameter (Fig. 2b) . The tool roughness was Ra=0.4 µm for all tools used for the strip draw test.
Determination of Friction Coefficient
The flat tool geometry was used to determine the friction coefficient. The tool material was tool steel 1.2379 hardened to 60 HRC. The direction of tool polishing was parallel to draw direction, as it is for most surfaces in real automotive tools. The draw length of each strip was 240 mm and the strip width was 50 mm. Two different draw speeds were used, 3 mm/s and 50 mm/s. The contact pressure used for the testing was 6.67 N/mm² and 13.33 N/mm².
Determination of Tool Wear
The abrasive and adhesive tool wear (galling) was tested with a special wear tool geometry 7 . A photograph of the tool is shown in Fig. 2b . The tool is asymmetric with a flat tool on one side and a round shaped tool on the other, resulting in a line contact. The flat side of the tool is characterized for evaluation in terms of tool wear by measuring either 2D profiles on 3 fixed positions (abrasive tool wear) or inspecting the transfer of coating material to the tool surface (adhesive tool wear). The tool material for the tool abrasion test is unhardened tool steel 1.2344 that is very sensitive to tool abrasion and leads, in contrast to tool material used in real automotive tools, to measurable abrasion even in the rather short draw length of 15 m. The results obtained on 1.2344 reflect very well the abrasion behavior found in real automotive tools, and the material ranking of 1.2344 corresponds very well to the ranking found in real automotive tools 7 . Both EN-GJL-200 and EN-GJS-700 are used as tool material in the flat tool for the galling test. The first is used for low volume parts because it limits the tool costs. The latter is widely used in deep drawing applications in the automotive industry as an economic choice with sufficiently good drawing properties for high volume parts. Both materials were used unhardened because this is the more critical state. The overall draw length for the galling test was 2.4 m. The direction of tool polishing was perpendicular to draw direction for both the abrasive and adhesive tool wear test because this is the most critical configuration in both cases. The draw speed was 25 mm/s and the clamping force was 5kN.
Model Cups
Model cups were formed for testing the deep drawing properties in a real forming tool. The blanks were cleaned with acetone and oiled freshly prior to deep drawing. The diameter of the cups was 33 mm, the ratio beta=blank diameter/punch diameter was 2.06. The blank holder force was increased stepwise from 20 to 240kN. The draw speed was 3 mm/s and 100 mm/s. The cross die tool was used ( Fig.  3 ) to form parts with more critical forming states. The blanks were cleaned as described above and formed at a blank holder force of 300kN and 3 mm/s draw speed. The maximum draw depth and draw forces were measured and compared.
Results and Discussion
The friction coefficient of HDG/ZM (HDG/ZM100 and HDG/ ZM200) was measured for the two different types of oil (prelube and corrosion protection oil) and at four combinations of draw parameters. The results are listed in Tab. 1 and compared to the results for HDG/Z. The most obvious result is that HDG/ZM can be drawn at more different draw parameters without slip-stick than HDG/Z. For HDG/Z a measurement without slip-stick is only possible for one of the four different draw parameter sets tested, which is prelube (PL) for oiling and the parameter combination of 6.67 N/ mm² contact pressure and 50 mm/s draw speed. For the pure corrosion protection oil (CPO) none of the four parameter combinations could be drawn without slip-stick when HDG/Z was used. The situation is different for HDG/ZM. For both oils, PL and CPO, three different parameter sets out of four were drawn without slip-stick. The tribology of HDG/ ZM is better than that of HDG/Z as indicated by the facts that the base material has a negligible influence on the results in the strip draw test and the surface topography is comparable in all three materials.
In Fig. 4 the measured friction coefficients are compared at a contact pressure of 6.67 N/mm² and 50 mm/s draw speed for PL and CPO. HDG/Z is drawable only when PL is used for oiling (Fig. 4a ) and is therefore absent in Fig. 4b . The measured friction coefficient of HDG/Z is slightly higher than that of HDG/ZM, although the differences in values are not very high. The values for ZM100 and ZM200 are almost the same for both oils, PL and CPO, indicating that the coating thickness has no influence on the friction coefficient. However, the friction coefficients measured for oiling with PL are lower for all coatings than the friction coefficients measured when CPO is used, which is evident because CPO is not optimized for drawing. This is in contrast to PL, Fig. 3 : Photograph of the cross die part. This tool was used for deep drawing experiments at more complex forming states. For characterizing the tribology, the maximum draw depth at a fixed blank holder force and the draw force are measured. Friction coefficient determined in the strip draw test for HDG/Z and HDG/ZM at two different coating weights (HDG/ZM100 and HDG/ZM200). Two different oils were used, a pure corrosion protection oil (CPO) and a prelube (PL). Four different combinations of contact pressure and draw speed were tested. HDG/Z reference material can only be drawn without any slip-stick at 6.67 N/mm² and 50 mm/s draw speed when a prelube is used. In contrast, HDG/ZM can be drawn without slip-stick for three different parameter sets and for both oils. However the friction coefficient when a corrosion protection oil is used is higher than for a prelube. Figure 5 compares the friction coefficients at 13.33 N/m² contact pressure and 50 mm/s draw speed. For both oils HDG/Z cannot be drawn without slip-stick. In contrast, HDG/ ZM can be drawn and leads to stable results for the friction coefficient. The results for the friction coefficient differ not much from the results shown in fig. 4 , indicating that in terms of contact pressure the coating system is quite stable. Again the results for ZM100 and ZM200 are comparable whereas the measured friction coefficient for CPO is higher than the results for using a prelube optimized for drawing applications.
Contact Pressu
Model cups were formed in the next step. This permits some predictions about the deep drawing behavior of the material. In contrast to the strip draw test, where the influence of the properties of the steel beneath the coating can be widely neglected, the deep drawing properties detected by forming model cups depend not only on the tribology of the surface but also on the formability of the steel substrate. Therefore it is important that the steel characteristics of all materials tested are the same so that differences in drawability can be referred to as differences in tribology. This criterion is met for the three materials tested (see Materials and Methods). The results of the drawing test are shown in Fig. 6 . Both types of oil, the pure corrosion protection oil and the prelube oil, were used in the deep drawing test and the results were compared. The blank holder force was increased stepwise from 20 -240kN and the cups were drawn until cracking became apparent. The maximum draw depth until crack was measured and plotted as a function of blank holder force. As the material parameters of the base material are comparable, differences in draw depth at a fixed blank holder force can be attributed to the tribology of the blank. The lower the friction is, the larger the maximum draw depth will be at a fixed blank holder force. The test was performed at two different draw speeds, 3 mm/s and 100 mm/s. HDG/ZM at 3 mm/s draw speed shows a slightly larger draw depth compared to HDG/Z for both types of oil, PL and CPO, indicating that the tribology of the specific coating dominates the results at this speed. The situation is different at a 100 mm/s draw speed. CPO HDG/ZM still achieves a slightly larger draw depth than HDG/Z at a fixed blank holder force, however, the difference between HDG/Z and HDG/ZM is almost negligible for PL. There is still a small tendency for HDG/ZM to achieve a larger draw depth, but the difference between the two draw depths is much smaller than for CPO. This shows that a prelube oil is capable of adapting to the differences between the two different coating systems more or less at higher draw speeds. However some advantages of HDG/ZM in terms of tribology still remain at lower draw speeds. These low draw speeds are always found in automotive presses shortly before the press stops and the part is fully formed. Figure 7 shows the maximum draw depth measured for the cross die tool test. The maximum draw depths are com- Fig. 4 : Friction coefficient measured at a contact pressure of 6.67 N/mm² and 50 mm/s draw speed. When a prelube is used (a) HDG/Z (Z100) can be drawn without slip-stick. However, the friction coefficient is slightly higher than it is for HDG/ZM (ZM100 and ZM200). When a pure corrosion protection oil is used (b), only HDG/ZM can be drawn without slip-stick. To compare the friction coefficient measured for the two different oils, the friction coefficient for HDG/ZM in the case of CPO is slightly higher than for PL, which is optimized for deep drawing applications.
Fig. 5:
Friction coefficient measured at a contact pressure of 13.33 N/ mm² and 50 mm/s draw speed. HDG/Z cannot be drawn without slip-stick for prelube oiling (a) nor for corrosion protection oil (b). However HDG/ZM is still drawable. The measured friction coefficient is clearly smaller when PL is used than it is in the case of CPO. The maximum draw depth for a 3 mm/s draw speed at a fixed blank holder force is slightly higher for HDG/ZM than for HDG/Z. This difference is comparable for both oils. There is a difference at 100 mm/s in maximum draw depth found for pure corrosion protection oil, and again the draw depth of HDG/ZM is higher than that of HDG/Z. In contrast, the difference between HDG/ZM and HDG/Z almost vanishes in the case of the prelube, indicating that the differences in tribology between the two materials are almost compensated by the prelube. The material characteristics for all three materials are comparable. Therefore the higher maximum draw depth measured for HDG/ZM mainly depends on the better tribology of the coating. parable for all tested materials. No significant differences were found neither for CPO nor for PL, however, the draw depth for PL are slightly higher, reflecting that the prelube is better adjusted to deep drawing applications. Figure 8 compares the draw forces measured in the cross die tool as a function of punch position during drawing for CPO. It is clearly visible that the draw force for HDG/ ZM is smaller than for HDG/Z. Although there are no significant differences in the maximum draw depth, the draw forces for HDG/ZM are smaller, reflecting again that friction is lower for HDG/ZM than for HDG/Z. The draw forces for the two different types of oil. CPO and PL are compared in Fig. 9 . Whereas for CPO the difference in draw force is clearly visible (Fig. 9a) , the difference between HDG/ZM and HDG/Z is smaller when a prelube is used. There is still a small difference, and in the cross die tool test the prelube seems to reduce the differences in tribology between the two materials.
Materials that meet the demands of deep drawing must pass both tribological tests and a number of tool wear tests before they can be considered for automotive applications. One of these tool abrasion tests was conducted with the wear tool of the strip draw test as described in the Materials and Methods section above (SEP1160 standard test 7 ). HDG/Z100 was used as a reference material. The line contact in the wear tool allows a rather simple analysis of a potential tool abrasion, which can be performed by measuring 2D profiles perpendicular to the line contact on the flat tool. If there is any abrasion of the tool material, this can be quantified and compared to other coating materials. No real tool abrasion was found on the flat tool (results not shown) for HDG/ZM or HDG/Z. According to the test results, no increased tool wear is expected for HDG/ZM. Smoothing of the initial tool roughness was found on both materials, which is also typical for HDG/Z.
Both tool abrasion and adhesive tool wear (galling) of a new material are important to know. Two different tool materials were used for the test, GJL-200 and GJS-700. A photograph of the tools after the adhesive tool wear test is shown in Fig. 10 . The results for the two different tool materials are almost identical. The typical zinc flakes of the HDG/Z material are visible on both tool materials (marked in red). When HDG/ZM was used, no such flakes were observed. The adhesive tool wear seems to be distributed homogeneously across the contact surface and appears more powdery than in the case of HDG/Z. The total amount of coating material on the tool also seems to be less than in the case of HDG/Z.
The difference in adhesive tool wear becomes even clearer when the tool is inspected with a light microscope. Photographs of the tool surface are shown in Fig. 11 . Big zinc flakes are visible on both HDG/Z-coated blank materials, and no zinc flakes are observed on the HDG/ZM. A certain amount of adhesive tool wear is visible on the tool surface but the morphology is different. The abraded material looks more powdery. Small coating particles can be distinguished and there are no large agglomerates. The total amount of coating material transferred to the tool seems to be less.
Finally, the morphology of the coating particles transferred to the surface was studied in the SEM. The images of two coating particles of comparable size are shown in Fig.  12 . The HDG/Z particle looks flattened by subsequent drawing, scratches on top of the particle are visible. The structure of the HDG/ZM particle looks fuzzier. No scratches are visible from subsequent drawing.
After the morphologic tests were completed, the amount of coating material transferred to the tool was determined by removing all coating material from the flat side of the tool The differences in draw force between HDG/ZM and HDG/Z are clearly visible when CPO is used. The draw forces for HDG/ZM are smaller than for HDG/Z, reflecting the better tribology of HDG/ZM. However, when PL is used, the differences in draw force almost vanish. There is still a small difference in the draw force, but the oil tends to equalize this effect. 
Conclusion
Tribology and tool wear in the case of HDG/ZM turned out to have advantages to those of HDG/Z on cold rolled steel. The measured friction coefficient is slightly lower for HDG/ZM in the strip draw test as well as for forming model parts. In the strip draw test, HDG/ZM shows a higher processing window for drawing, for oiling with a prelube as well as for using a pure corrosion protection oil. However the difference from HDG/Z is not so large that profound changes in press parameters have to be made before HDG/ZM is used. This becomes even more visible when model parts are formed. Differences in tribology are more clearly visible for corrosion protection oil, and prelube oiling tends to smooth tribological differences. At slow draw speeds, which are always found at the end of the draw process right before the part is fully formed, HDG/ZM has some tribologic advantages in both types of oiling. This may be especially helpful for critical parts that crack right at the end of a drawing process.
The tool wear tests were split into a tool abrasion test and an adhesive tool wear test. Tool abrasion was tested by using the SEP1160 tool abrasion test in the strip draw test and was found to be comparable to the tool abrasion of HDG/Z. This is an important result because the hardness of the HDG/ ZM coating is higher than the values obtained for HDG/Z (70-90 HV0.02 vs. 130-160 HV0.02 -see introduction). The adhesive tool wear was also tested in the strip draw test and was found to be less than for HDG/Z, both in amount of transferred coating material and in flaking. In the case of HDG/Z, the well known zinc flakes were found on the tool. The flakes were completely absent in the case of HDG/ZM. The morphology of the transferred material looks more powdery, and no big agglomerated coating particles were found. The microscopic structure of the transferred particles looks fuzzier and less influenced by subsequent drawing operations. This could be caused by the higher degree of hardness in the HDG/ZM coating material.
These results make HDG/ZM a promising alternative to HDG/Z, especially for complex parts with increased cracking tendency at the end of the drawing process and when galling cannot be sufficiently prevented under present conditions. The decreased flaking tendency observed in HDG/ ZM can avoid pimple formation on critical parts in the deep drawing process. The potential advantages of HDG/ZM are thus not only improved corrosion performance but also superior deep drawing properties and tool wear. The morphology of the coating particles found on the tool is even different. HDG/Z (left side) forms flattened particles with little substructure. Scratches from subsequent drawing operations are visible on top of the particle, indicating that the transferred coating material is rather soft so that it can be influenced by subsequent drawing operations. In contrast, the HDG/ZM particle (right) shows a more fuzzy substructure. No scratches are visible from subsequent drawing operations.
